A irradiação de chalconas com microondas na ausência de solvente se mostrou um procedimento de "química verde" para a preparação, em bons rendimentos, de flavanonas. Diferentes catalisadores heterogêneos e catalisadores convencionais foram testados usando-se um forno de microondas doméstico. A irradiação de chalconas com 30% de ácido trifluoroacético, na presença de gel de sílica, levou a formação de onze flavanonas conhecidas e cinco novas, em bons rendimentos.
Introduction
Flavanones (2,3-dihydro-2-phenyl-4H-1-benzopyran-4-ones and derivatives), 2, a type of flavonoids widely distributed in nature, continue focussing attention due to their ample range of biological activities (hypotensive, antifungal, antibacterial, antitumoral). 1 The traditional method for the synthesis of flavanones consists of an intramolecular conjugated addition of o-hydroxychalcones, 1, to the corresponding cyclic carbonylic system. This reaction can be performed using acids, 2 silica gel, 3 bases, 4 ,5 light, 6 heat, 7 or electrons. 8 The acid catalyzed cyclization can be carried out by refluxing the chalcone in acetic acid, or also in ethanol or other suitable solvent, in the presence of an acid catalyst such as H 2 SO 4 or H 3 PO 4 . 9 Basic conditions are seldom used due to decomposition or retroaldol reaction. 9 The corresponding chalcones, in turn, are usually obtained by aldol condensation of o-hydroxyacetophenones and benzaldehydes. 10 However, the conversion of chalcone into flavanone is never complete, the reaction is very slow, and generally proceeds with only moderate yields. Flavanones can also be obtained from precursors other than chalcones, namely by (i) reacting 3-chloro-2,3-dihydro-3-nitro-2-phenyl-4H-1-benzopyran-4-ones with tributyltin hydride and 2,2'-azobisisobutyronitrile, 11 (ii) treating 3-bromo-1-phenylprop-2-ynil aryl ethers with mercury(II) trifluoroacetate, 12 (iii) oxidizing flavan-4-ols, 13 and (iv) treating 1-(2-hydroxyphenyl)-3-phenyl-propane-1,3-diones with benzaldehydes.
14 However, these methods receive scarce interest since the precursors are more difficult to obtain than the corresponding chalcones. Since the first reports on chemical applications of microwaves in 1986, 15, 16 this methodology has now become a useful technique for organic synthesis and functional group interconversions. 17 Synthesis using microwaves have several advantages: shorter reaction times, ease of manipulation, higher yields, and lower costs (they can be solvent-free).
The initial experiments involved reactions in very polar solvents (DMSO, DMF) and sealed containers. The rate enhancement in such reactions is due to rapid superheating of the solvent. 15 Nowadays the methods are solvent-free, thus irradiation is performed on neat reactants (or in the presence of a mineral support). In these cases the rate enhancement in such reactions can be due to simple thermal effects (high localized temperatures may be reached) or specific microwave effects. 18 In spite of the body of literature about microwaveaccelerated cyclizations, the references on their application to the synthesis of flavonoids are scarce. For example, microwaves have been applied to the synthesis of flavones by a dehydrative cyclization of o-hydroxydibenzoylmethanes in clay, 19 thioflavonoids, 20 and a new class of mixed flavanone-dihydrochalcone dimers. 21 Also, Varma et al. described the microwaveinduced cyclization of nitrogen analogues of 2´-hydroxychalcones (2´-aminochalcones) to 2-aryl-1,2,3,4-tetrahydro-4-quinolones on montmorillonite K-10 clay. 22 A study on the microwave-induced cyclization of o-hydroxychalcones, 1, to flavanones, 2, on different supports resulted in an equilibrium mixture of 1 and 2; no significant difference was found between the equilibrium ratio 2:1 of microwave-induced or conventional thermal cyclization. 3 As part of an ongoing project on the synthesis and biological evaluation of flavonoids and other phenolic compounds, 9, 23, 24 an easy and reliable method for the preparation of flavanones was needed. We had previously studied the cyclization of 2'-hydroxy-4-methoxychalcone, 3, to 4'-methoxyflavanone, 4, as a model and, among various catalysts, we found that 4 was best prepared by refluxing the corresponding chalcone in acetic acid for 72 hours, although in moderate yields (55%) (Scheme 2). 
Results and Discussion
In view of the limitations of the existing methods, a study of the microwave-accelerated synthesis of flavanones using an unmodified household microwave oven was undertaken. First of all the cyclization of model chalcone 3 by conventional (thermal) methods of heating was reexamined, widening the set of parameters (Table 1 ).
In all conditions tested the maximum conversion was reached at approximately 72 hours, even though the final flavanone/ chalcone ratios were quite different. The use of trifluoroacetic acid (TFA) in refluxing chloroform almost doubled the conversion achieved previously in refluxing acetic acid.
Then the effect of microwave heating was studied, considering different solid supports and catalysts. After some experimentation the best procedure for the irradiation is described as follows. The reaction mixtures were heated successively for 3 min periods followed by a 5 min cooling interval between irradiations.
This method was designed to avoid overheating of reactants, according to Varma et al., 25 since the unmodified household microwave oven lacks the special attributes of commercial reactors in terms of power and temperature control. In addition, because a standard household microwave oven was used, a experiment to test the homogeneity of the irradiating field was conducted. To this end, in the irradiation of model chalcone 3, three samples were withdrawn from the reaction test tube in each run, taken at different depths (top, middle, bottom) of the catalyst's bed. The flavanone/chalcone ratio was analyzed by NMR and, in all cases, the determined ratios fell within 5%, thus indicating an acceptable field homogeneity.
In the following experiments, using different solid supports (Table 2 ) and catalysts (Table 3) , the flavanone/ chalcone ratio was determined by NMR analysis. Except when otherwise stated, the crude reaction mixtures contained only flavanone and unreacted chalcone. Tables 2 and 3 show that the maximum conversion is always reached between 6 and 9 min, even though the final flavanone/chalcone ratio spans widely. Regarding the mineral support, only silica gel and montmorillonite K-10 clay afforded clean conversion to flavanones, whereas all types of alumina tested (neutral, basic or acidic) resulted in complex mixtures of chalcone, flavanone, flavone and retroaldol products after irradiation. Montmorillonite K-10 clay was less effective to catalize the cyclization, producing lower flavanone/chalcone ratios (maximum ratio: 0.25 at 12 minutes).
After choosing silica gel as the mineral support, different acid catalysts were tested ( Table 3) . Inspection of data showed that the conversion increases with the acidity of the catalyst used. Consequently, the use of TFA resulted in high flavanone/chalcone ratios, even after 3 min of irradiation. In this case, at 12 min some decomposition took place. From these results it was concluded that the best method is irradiation of chalcone with 30% TFA over silica gel for 3 periods of 3 min.
An acceleration of the reaction rate on the order of 500-fold increase is observed when microwaves are used. Almost the same flavanone/chalcone ratio is obtained at 72 hours with clasical methods (Table 1 ) and at 9 min using microwave heating (Table 3) .
Utilizing these conditions a number of flavanones was prepared ( Table 4 ). The present technique considerably reduces the long reaction time usually encountered in traditional flavanone synthesis and affords the desired product in very good yields.
The method is applicable to chalcones containing an ample range of substituents, namely OH, OR (R = methyl, n-butyl, n-hexyl, n-nonyl), Br, NO 2 , and N(CH 3 ) 2 . The flavanone to chalcone ratio and the flavanone isolated yields are consistently high along Table 4 and compare favorably to those obtained by classical procedures.
The reaction is very clean and no other products are seen, except for entry k where, even after 3 min, partial debenzylation takes place giving a mixture of 4'-benzyloxyflavanone (expected product), 4'-hydroxyflavanone (deprotected product) and unreacted chalcone in a 2.7/1/1 ratio. All compounds gave satisfactory spectroscopic and analytical data.
In conclusion, in this work we describe a solvent-free, simple, rapid and high yielding method for the synthesis of flavanones using an unmodified conventional microwave oven. . Column chromatography (CC) was carried out on silica gel (Merck, 60-230 mesh). All solvents were dried and distilled prior to use.
A simple household microwave oven equipped with a turntable was used for microwave heating (2450 MHz) at full power. The nominal (output) power indicated in the equipment is 800 W. The actual full power was determined to be 600 W according to the procedure described by Barboza. 26 The mineral supports used in the different experiments were: silica gel for column chromatography (Merck, 60-230 mesh); Aluminium oxide for chromatography, Fluka type 507C neutral, 100-125 mesh, pH 7.0 ± 0.5 (neutral alumina); Aluminium oxide for chromatography, Fluka type 5016A basic, pH 9.5 ± 0.3 (basic alumina); Aluminium oxide for chromatography, Fluka type 504 C acidic; pH 4.5 ± 0.3 (acidic alumina), Montmorillonite K-10 clay, surface 200 m 2 /g, from Fluka.
Procedure for the optimization of the cyclization reaction
Model chalcone (2'-hydroxy-4-methoxychalcone, 25 mg, 0.1 mmol) is dissolved in 5 mL of dry CH 2 Cl 2 and the catalyst and mineral support were added (see Tables 2-3 ). The suspension is evaporated under vacuum and the resulting powder is placed in a loosely stoppered test tube (1.2 cm i.d.)
In order to irradiate the reaction mixture, the test tube is placed vertically in the center of the microwave oven besides a vial with ice (20 g) to control irradiation.
In all cases the reaction mixtures are irradiated for 4 successive periods of 3 min each with an interval of 5 min for cooling. During the cooling interval the test tube is withdrawn from the oven.
The reaction was monitored by TLC and NMR. After every irradiation (it means: 3, 6 9 and 12 minutes), the solid is homogenized, and an alicuot of the solid is taken with a Pasteur pipette. Each alicuot was extracted with ethyl acetate (3 x 10 mL). The organic layer was washed with water, separated and dried over Na 2 SO 4 . The solvent was removed under vacuum and flavanone/chalcone ratios were determined by NMR. The mixture was purified by CC (silica gel) using hexane as initial eluent followed by CH 2 Cl 2 / hexane (1:1 v/v).
Homogeneity of the field
A loosely stoppered test tube containing the reaction mixture of model chalcone is placed vertically in the center of the microwave oven besides a vial with ice (20 g), and irradiated for 3 successive periods of 3 min with a cooling interval of 5 min between irradiations. After this, three samples are taken from different depths (top, middle, bottom) of the tube, and extracted with ethyl acetate (3 x 15 mL). The organic layer was washed with water, separated and dried over Na 2 SO 4 . The solvent was removed under vacuum and flavanone/ chalcone ratios were determined by NMR. Flavanone/ chalcone ratios consistently gave results within 5%.
General procedure for the synthesis of flavanones 2a-2p
To a solution of desired chalcone (0.1 mmol in 5 mL of dry CH 2 Cl 2 ), 0.2 mL of TFA and 1 g of silica gel was added. The mixture is evaporated under vacuum and the resulting powder is poured into a loosely stoppered test tube. The tube is placed vertically in the center of the microwave oven besides a vial with ice (20 g), and irradiated for 3 successive periods of 3 min with cooling intervals of 5 min. After irradiation is finished, the solid mixture is extracted with ethyl acetate (3 x 15 mL) and the organic layer was washed with water, separated and dried over Na 2 SO 4 . The solvent was removed under vacuum and flavanone/chalcone ratios were determined by NMR. The mixture was purified by CC (silica gel) using hexane as initial eluent followed by CH 2 Cl 2 /hexane (1:1 v/v) or ethyl acetate/hexane (1:1 v/v).
Spectroscopic data of new compounds
Note : Assignments of H and C are given according to flavanone numbering (in all cases C=O means C4):
7,4'-dibutyloxyflavanone (2l)
Light yellow solid; mp 86-88 ºC. 1 
